NiCu alloyed catalysts are investigated for ethanol dehydrogenation. Seven Xwt%Ni-Ywt%Cu/Mg(Al)(Ni)(Cu)O x catalysts, (X = 0.5 or 1, Y = 0, 5, 10 or 20) have been compared with a 10 wt%Cu/Mg(Al)(Cu)O x benchmark. It was found that Ni promotion increases the turn-over frequency of a Cu-based catalyst. Two deactivation regimes were observed, i.e., a fast deactivation within the first hours on stream during which the acetaldehyde selectivity improved, followed by a slower deactivation. TPO and STEM indicated that surface carbon formation and sintering were likely at the origin of respectively the first and second deactivation regime. On the best performing catalyst, i.e., 1 wt%Ni-10 wt%Cu/Mg(Al)(Ni)(Cu)O x , no fast deactivation regime was observed and the lowest amount of carbon was produced. Upon feeding 30 wt%H 2 O/ethanol, the activity of all NiCu catalysts increased. Overall, 1 wt%Ni-10 wt%Cu/Mg(Al)(Ni)(Cu)O x was the best performing catalyst with a TOF of 0.09s −1 and an acetaldehyde selectivity of 99 %.
Introduction
Cu is a well-known catalyst for several industrially relevant reactions such as alcohol dehydrogenation, low temperature water-gas shift reaction and methanol synthesis [1] [2] [3] [4] [5] [6] . All these reactions can be performed under relatively mild conditions when applying Cu as a catalyst. Major advantages, promoting the use of Cu as a catalyst, are its relatively low price and low toxicity [7, 8] . Unfortunately, Cu has one significant disadvantage: it is particularly prone to deactivation by sintering [9] [10] [11] . Twigg et al. have reviewed the deactivation causes of Cu catalysts in industrial processes and concluded that sintering and poisoning are the two main reasons for deactivation. While poisoning should and can be prevented by tuning the feedstock composition [11] , attempts to improve the resistance of Cu catalysts against sintering have typically relied on manipulating the support properties or including promotor elements [10, [12] [13] [14] [15] [16] [17] .
Different support materials have been investigated to improve the stability of Cu-based catalysts [12, 13, 16] . Marchi et al. tested Cu/SiO 2 for isopropyl alcohol dehydrogenation and found that within 2 h on stream, the activity dropped to 20 % of the original level [12] . Guarido et al. used Cu/Nb 2 O 5 for ethanol reforming and reported a strong interaction between Cu and Nb 2 O 5 compared to Cu on Al 2 O 3 , as found via TPR [16] . The catalyst was quite active and stable with only 5 % activity loss after 30 h. Freitas et al. tested a Cu/ZrO 2 catalyst for ethanol dehydrogenation, which lost only 4 % of activity in 20 h, which is quite remarkable [13] .
Alternatively, promoting agents have been added to Cu catalysts to reduce the Cu particle size and increase catalyst stability, e.g. Cr, Fe, B, La [14, 15, [18] [19] [20] [21] . Tu et al. investigated the effect of Cr on the stability of Cu catalysts [21] . They found that Cr improved the stability and an optimum was found for a Cr/Cu molar ratio of 1/10. The catalyst still suffered from deactivation due to sintering however, i.e., 5 % activity loss occurred after 8 h on stream. Zhu et al. used a maximum of 5 wt% B as a promotor for the Cu dispersion and stability and were able to prolong the stable activity regime to more than 56 h compared to 28 h for the non-promoted Cu/SiO 2 [14] . However, ultimately, also this catalyst was subject to deactivation due to sintering. Chen et al. added 0.3 wt% Fe as a promotor for the reverse water-gas shift reaction [17] . For the low-temperature water-gas shift reaction, La promotion enhanced the stability of Cu catalysts, as found by Kam et al. [15] . After 25 h, the conversion had only dropped from 45 % to 38 %.
As an alternative to changing the support or adding promoting metals, alloying of the active metal with another metal also presents a route to improve the catalytic properties of a material, i.e., activity, selectivity or stability [22] [23] [24] . The major advantage of bimetallic materials is that their properties are not simply the sum of those of the constituent elements, but they often excel the ones of the individual elements [25, 26] . In the case of Cu, sintering might be prevented via alloying of the catalyst with other metals [27] , such as Au, Pd, Pt or Ni [28] [29] [30] [31] [32] . For CO oxidation, AuCu has been reported to exhibit quite stable performance [28] . Alloying Cu with Pd improves the stability for trichloroethylene hydrodechlorination to ethylene, but not all deactivation can be prevented. The latter was not due to sintering, however, but to poisoning of the Cu sites with Cl. Liu et al. recently used AgCu alloys [33] . The interaction between Ag and Cu induced a highly stable and selective catalyst for the hydrogenation of dimethyl oxalate.
For catalytic purposes, Cu is frequently alloyed with Ni metal [34] [35] [36] . Ni is a commonly used element in catalysis due to its high activity especially for (de)hydrogenation reactions [37] . However, when using Ni as a monometallic catalyst, it is subject to fast deactivation due to coking [35] . Alloying Cu with Ni might, however, resolve the major deactivation phenomena occurring on the individual, monometallic catalysts through mutual benefit [38, 39] . Cu is prevented from sintering by surrounding it with Ni atoms because the higher melting temperature of the latter makes the alloyed particles less mobile [40] . On the other hand, coking of Ni is prevented due to the presence of Cu which avoids the production of carbon at those conditions [32, 35, 39] . Ni and Cu can be mixed in every concentration with subsequent alloy formation due to their similar atomic radius and their FCC lattice structure [36] . In contrast with Cu, Ni has, apart from a high activity for (de)hydrogenation reaction, also the ability for C-C rupture [41] . Depending on the investigated reaction, alloys can be synthesized with more or less Ni to tune for this C-C rupture.
Many authors mention the importance of the support on the desired catalyst activity [38, [42] [43] [44] [45] . For (de)hydrogenation reactions, especially for alcohol dehydrogenation, the presence of acid sites on the catalyst should be avoided since this might induce dehydration reactions [38] . Furthermore, a high dispersion of the active metal sites is crucial for achieving a high turn-over frequency [41] . To match the requirements mentioned above, hydrotalcite-based mixed oxides are interesting candidates. Hydrotalcite-supported catalysts currently gain interest due to their promising properties, such as active metal dispersion and stability, both in metal as in base catalysis [22, 23, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . and they form a layered structure, where the metals are linked by OHgroups. Mg and Al are commonly used as divalent and trivalent metals, but they can also be replaced, partially or even completely, by other elements such as transition metals. Such incorporation in the support provides a synthesis route for well-dispersed supported metal catalysts.
To compensate for the charge induced by the replacement of a bivalent with a trivalent metal-ion, − CO 3 2 is present between the layers, as well as excess H O 2 . Upon calcination, water is released from the lattice, resulting in a collapse of the structure and formation of mixed oxides with a high specific surface area and a small crystallite size. After reduction, well-dispersed metallic particles are obtained from the alternative metals incorporated into the mixed oxide Mg(Al)O x structure. The main advantages of calcined hydrotalcite-supported catalysts are the uniform distribution of elements by incorporation into the hydrotalcite structure, their moderate basicity which inhibits coking, and their thermal stability towards steam and reaction-oxidation cycling. Furthermore, the presence of Al-cations enhances the resistance to sintering [22, 23, 47, 50, 52, 57, 58] .
In this work, Ni-promoted Cu catalysts supported on metal-modified calcined hydrotalcite are investigated to improve the stability of Cu catalysts. Here, a one-pot synthesis route for the production of bimetallic Cu-Ni catalysts based on the single-step formation of Cu,Ni, Mg, Al -containing layered double hydroxides. The effect of the atomic Ni/ Cu-ratio and total metal loading on the catalytic activity, selectivity and stability in ethanol dehydrogenation are assessed. Taking into account the activity of Ni for CeC bond scission, low Ni/Cu ratios will be tested. A non-promoted Cu/Mg(Al)(Cu)Ox has also been tested as a benchmark.
Experimental section

Catalyst synthesis
Ni-Cu-Mg-Al samples were synthesized in a five-neck 5-liter glass reactor equipped with a steam jacket, stirrer, pH electrode, thermocouple and reflux condenser. The carbonate forms of the hydrotalcitebased support were obtained by co-precipitation at 333 K and a constant pH = 9.5-10, using 'pro analyze' purity grade nitrate salts of the corresponding metals and Na 2 CO 3 as a precipitating agent. A certain volume of distilled water was placed in the reactor, heated to 333 K, and adjusted with 0.9 M Na 2 CO 3 solution to reach pH = 9.5. The mixed Ni-Cu-Mg-Al solution [total metal concentration of 0.5 M and Mg 2+ / Al 3+ ratio of 5/1] and the precipitant were introduced simultaneously drop-wise to the reactor, controlled by two peristaltic pumps under vigorous stirring. The resulting slurry was aged for 60 min in the mother liquor under stirring at 333 K and pH = 9.5-10. Then it was filtered off, washed thoroughly with distilled water until absence of NO 3 ions in the filtrate was established. The as-synthesized hydrotalcite was dried at 378 K for 20 h. Calcination in air was done by heating to 873 K at a rate of 2.5 K min −1 , after which this temperature was maintained for 2 h. Throughout the text, the notation of the catalysts will be shortened, e.g., 1 wt%Ni-10 wt%Cu/Mg(Al)(Ni)(Cu)O x will be abbreviated to 1Ni-10Cu.
For characterization purposes, one additional catalyst was synthesized with a higher Ni loading, i.e., 7 wt%Ni-4.3 wt%Cu/Mg(Al)(Ni) (Cu)O x or 7Ni-4.3Cu, aiming at facilitating the alloy formation and its visualization in XRD. This catalyst was synthesized according to the same procedure.
Catalyst characterization
The bulk chemical composition of the materials was determined by means of inductively coupled plasma optical emission spectrometry (ICP-OES) (ICAP 6500 system, Thermo Scientific). The calcined and spent samples of all materials were analyzed. The samples were mineralized by fusion with sodium peroxide and dissolution in a mixture of HNO 3 , HF and HClO 4 .
The Brunauer-Emmett-Teller (BET) surface area of the catalysts was determined via N 2 adsorption at 77 K in a Gemini V Micromeritics set-up. The samples were first degassed for 12 h at 473 K to remove any volatile adsorbates from the surface.
To determine the active particle size, support topology and the location of the active metals in the catalyst, STEM-EDX was performed. To prepare the specimens for TEM analysis, the materials were mixed with ethanol using an ultrasonic bath. A few drops of the obtained suspensions were deposited onto an Au TEM grid covered with carbon. High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images and energy dispersive X-ray (EDX) maps were acquired on a FEI Osiris microscope, equipped with a Super-X detector and operated at 200 kV. In the EDX spectra, the Cu-K and Ni-K lines lie at 8.04 and 7.47 keV, respectively.
The reduction properties were determined via temperature programmed reduction (TPR) in an Autochem II 2920 (Micromeritics) equipped with a TCD detector and a mass spectrometer (Omnistar, Pfeiffer). The calcined material was placed in a quartz tube with an internal diameter of 10 mm diameter and prevented from blow through via quartz wool. The reduction was performed with 5 wt% H 2 /He, employing a temperature ramp of 10 K min −1 , starting from room temperature to 873 K and a dwell time of 600 s. Temperature programmed oxidation (TPO) was performed in the same set-up, using spent catalyst samples to determine the surface carbon production during reaction. The oxidation was performed with 10 mol% O 2 /He at a temperature ramp of 5 K min −1 starting from room temperature to 873 K and 600 s dwell time.
To determine the number of active sites of the NiCu catalysts, CO (and H 2 ) chemisorption was attempted, which did not lead to satisfactory results. Therefore, oxidation of the outer Cu and Ni atoms by N 2 O was performed in an Autochem II 2920 via a three-step procedure described by Gervasini [59] . First, the material is fully reduced via H 2 -TPR. Secondly, oxidation by N 2 O is performed, which oxidizes only the outer layer of every active particle. Thirdly, H 2 -TPR is repeated, reducing again the CuO and NiO layer while titrating the amount of H 2 needed for reduction. For the first H 2 -TPR, 5 wt%H 2 /He was sent over the sample, while applying a temperature ramp of 8 K min −1 starting from room temperature to 873 K. Isothermal N 2 O oxidation was performed with 1 vol%N 2 O/He at 303 K. The second H 2 -TPR was performed with a heating rate of 20 K min −1 up to 1073 K.
In order to have some indication on the formation of a NiCu alloy, CO-DRIFTS was performed (Tensor 27, Bruker, with MCT detector). The in-situ DRIFTS cell was mounted in a Selector™ accessory. All measurements were performed in absorbance mode between 600 cm −1 and 4000 cm −1 , acquiring 1000 scans with a resolution of 4 cm −1 . The calcined material was mixed with KBr, i.e., an inert material for FTIR, in a material/KBr-ratio of 1/10, to assure good signal/noise. The material was placed in the in-situ cell, which was evacuated subsequently. Then, a flow of 100 % H 2 at a rate of 99 μmol s −1 was admitted and the sample was heated to 773 K and kept at that temperature for 30 min. Hereafter, the sample was cooled down in H 2 and the flow was switched to 100 % He at a rate of 99 μmol s −1 . After measuring a background spectrum, 99 μmol s −1 1 wt%CO/He was sent onto the sample, while performing 5 measurements of 1000 scans. Data analysis was performed with the OPUS 7.2 software (Bruker). The spectra were converted to Kubelka-Munk units and the background was subtracted.
In-situ XRD was performed during a H 2 -TPR treatment on calcined 7Ni-4.3Cu, which is expected to have the largest metal particles and, hence, exhibit the highest XRD visibility. Time-resolved patterns were acquired in a Bruker-AXS D8 Discover apparatus with CuK α radiation (wavelength of 0.154 nm), a linear detector covering 20°angle with a resolution of 0.1°and an acquisition time of 10 s. For the in-situ measurements, an in-house built reaction chamber with a Kapton foil for Xray transmission was used. 10 mg of sample was evenly spread on a Si wafer. No interaction between the sample and the wafer was observed. A temperature ramp of 10 K min −1 was applied to 823 K with a dwell time of 600 s and reduction was performed with 10 % H 2 /He. Prior to the TPR, the chamber was evacuated to 4 Pa and flushed. A full XRD scan was measured before and after each in-situ measurement.
Activity testing
A high-throughput kinetics mechanistic set-up, comprising 8 plug flow reactors with a diameter of 0.011 m and a length of 0.9 m, was used for activity testing [60, 61] . The catalyst bed was made of 0.1 or 0.2 g of catalyst pellets with a diameter of 150−400 μm, mixed with non-porous sintered α-Al 2 O 3 to avoid temperature gradients, heat transfer limitations, significant pressure drop and internal mass transfer limitations. An additional inert material layer was placed before the catalyst bed to ensure a homogeneous distribution of the reactor feed prior to reaching the catalytic layer. The absence of heat and mass flow limitations and the establishment of the ideal plug flow regime were verified via well-known correlations [62] . The on-line gas analysis was performed with a 3000 microGC (Agilent) comprising 4 complementary columns each connected to a TCD detector. The response factors were calculated from a known reference mixture and verified with the response factors as reported by Dietz [63] . As activation treatment, H 2 reduction was performed. At room temperature and atmospheric pressure, 5.7 10 −4 mol s -1 of 100 % H 2 was sent to the reactor. Then, the reactor was heated to 773 K in approximately 30 min. The reactor was kept at that temperature for 30 min and then cooled down to reaction temperature. The reaction was carried out at 533 K, a total pressure of 0.5 MPa, a space time of 3.6 kg cat s mol -1 and a N 2 /ethanol-ratio of 20. The ethanol partial pressure was thus 23 kPa. Ethanol was fed as a liquid and mixed with N 2 ahead of the reactor to allow vaporization and avoid condensation. The carbon balance was closed within 5 %. Next to testing the deactivation behavior, the effect of water was assessed. For this, the feed was changed from pure ethanol to a mixture 30 wt%H 2 O/ ethanol feed. The ethanol partial pressure was unchanged by accounting for the presence of water in the N 2 dilution.
The conversion was defined as the amount of reacted moles of ethanol, i.e., F EtOH,0 -F EtOH , to the initial number of moles, i.e., F EtOH,0 .
Product selectivities, S i , are determined on an atomic carbon basis towards product i and, hence, are defined by the ratio of the number of moles of i produced, i.e., F i , corrected for the number of carbon atoms in the compound, a i , to the number of reacted moles of ethanol, i.e., F EtOH,0 -F EtOH , also corrected for the number of carbon atoms in ethanol, i.e., 2:
The average turn-over frequency is defined as the ratio of the molar flow rate of converted ethanol
to the total number of active sites n t for the fresh catalysts.
3. Results and discussion Table 1 represents the metal loadings of the catalysts as determined via ICP-OES, indicating that the desired metal loading was reached during catalyst synthesis, with only small deviations. After use in the ethanol dehydrogenation reaction, the nominal metal loadings on the catalysts are still the same, illustrating the evolution of the metals upon incorporation in the support. The surface area of the materials was determined via N 2 adsorption after calcination and reduction as well as for the spent catalysts, see Table 2 . After calcination, the materials' surface area shows a decreasing trend with higher Ni loading. For the Cu loading, no trend could be observed. This is remarkable since the Cu loading is changed more drastically than the Ni loading. Upon reduction at 873 K, the surface area changes slightly, but the values remain in the same order of magnitude. A more significant change was encountered for the surface area after use. It rose for all catalysts to values all exceeding 100m² g −1 . Only based upon these values, no explanation can be given for this drastic change. However, it can be suggested that during use, the structure of the support changed.
Catalyst characterization
Reducibility
TPR was performed on all catalysts to determine the temperature required to ensure full reduction of the catalyst, see also Fig. 1 . Reduction of the materials with a low Ni/Curatio i.e., a ratio of 1/20 or without Ni, starts at 400 K. Increasing the Ni/Cu-ratio, increases the reduction temperature. This suggests that alloying Cu with Ni shifts the reduction temperature to higher values. CuO has a reduction temperature of ∼413 K and reduction of NiO occurs partially from 540 K on, but full reduction requires temperatures in the range 1173 K-1593 K [64, 65] . Because of hydrogen spillover from Cu to NiO, NiO is more easily reduced in the presence of Cu, with potential alloy formation at 600 K as a consequence. An increase of reduction temperature as compared to pure Cu is beneficial since it also increases the migration temperature, thus lowering sintering. NiAl 2 O 4 spinel formation with support elements only occurs at a temperature of 1073 K and is thus never reached [66] . Only when Cu is present on the catalyst, NiO reduction occurs. Via calculation of the amount of consumed H 2 , it was found that 12 % Ni is reduced on the pure 0.5Ni and 1Ni materials at the maximum reduction temperature, i.e., 873 K. Based on the above, it can be expected that more Ni will be reduced in the presence of Cu. The exact Ni reduction degree is, however, difficult to determine since the TPR response doesn't indicate to what extent the consumed hydrogen effectively interacted with Ni. A temperature of 773 K was selected as reduction temperature for the steady-state activity testing of the catalyst. In addition, a low temperature reduction peak the 1Ni-20Cu catalyst shows the presence of hardly reducible species. It is reported that the formation of these species might be due to diffusion of Cu 2+ ions into the bulk after treatments at high temperatures [67] . Fig. 2 represents the FTIR spectra of CO adsorption on the catalysts. On the pure 10Cu catalyst, bands are visible at 2104 cm −1 , 1672 cm −1 , 1514 cm −1 , 1375 cm −1 and 1120 cm −1 , see Fig. 2a . These can be considered as representative for CueCO vibration frequencies, since they are not observed for the pure 0.5Ni and 1Ni catalysts. Thus, they can't be the result of CO interacting with Ni or the support. On all NiCu catalysts, no NieCO bands, expected to lie at 2010 cm −1 for linearly adsorbed CO and at 1960 cm −1 for bridged adsorbed CO [68] , were observed, which is probably due to the low Ni loading. The CueCO bands at 1672 cm −1 , 1514 cm −1 , 1375 cm −1 and 1120 cm −1 were observed for the 0.5Ni-10Cu and 1Ni-5Cu catalyst but not for the other catalysts. This is remarkable, because one could assume that Cu would be in the same configuration in all NiCu catalysts. This indicates that different structures are present on the different catalysts, most likely depending on the level of alloying. The band at 2104 cm −1 was present for all Cu-containing catalysts, see Fig. 2b for the bands normalized to the gas phase CO band at 2175 cm −1 . Compared to the pure 10Cu 
Alloy formation
Table 4
Carbon production as determined via integration of the CO 2 peak after O 2 -TPO with a temperature ramp of 5 K min −1 in 10 mol% O 2 /He. catalyst, the band for all NiCu catalysts shifts or at least a shoulder appears, while broadening. This suggests the formation of a NiCu alloy. Dalmon et al. reported that higher vibrational frequencies are related to alloying of Cu with Ni [69] . This is also visible here: the catalysts with more Ni have a shoulder at higher wavenumber. The 1Ni-5Cu and 0.5Ni-10Cu catalysts exhibit the least broadening of the 2104 cm −1 band, while also presenting CueCO bands between 1672 cm −1 and 1120 cm −1 . Hence, it is concluded that here alloy formation is not apparent. In contrast, the other catalysts, i.e., 0.5Ni-5Cu, 1Ni-10Cu and 1Ni-20Cu, do form an alloy. For the 1Ni-10Cu catalyst, the broadening is strongest, which might indicate the formation of the most uniform alloy. To confirm the presence of a NiCu alloy on the catalysts, XRD was performed. However, no Ni, Cu or NiCu phases could be detected, due to the small particle size of the active metals on the catalysts synthesized according to the original experimental design. In order to assess the presence of a NiCu alloy after reduction, in-situ XRD was applied during TPR on a catalyst with higher loadings, i.e., 7Ni-4.3Cu, see Fig. 3 . Upon reduction, a diffraction appears at 51.3°, representative of NiCu alloy (Powder Diffraction File 03-065-7246), proving that a NiCu alloy can indeed form in the investigated catalysts under the applied activation conditions.
Number of active sites
The number of Cu and Ni active sites has been determined via N 2 O oxidation with the method proposed by Gervasini et al. [59] . For 0.5Ni-YCu, the number increases with increasing Cu loading as expected, see Table 3 . For the 1Ni-YCu catalysts, the 1Ni-10Cu catalyst has only slightly more active sites than 1Ni-5Cu, which stems from the formation of larger particles rather than more particles. Addition of Ni doesn't influence the number of active sites significantly, which can be understood based on the low loading of Ni as compared to Cu.
3.5. Performance testing 3.5.1. Catalyst stability assessment and turn-over frequency determination Fig. 4 represents the conversion and selectivity exhibited by the various catalyst samples. The catalysts without Cu, i.e., 0.5Ni and 1Ni, deactivate completely within a relatively short time, i.e., after only 3 h on stream. For almost every NiCu catalyst, two regimes are present as a function of time-on-stream. Within the first five hours on stream, the conversion decreases rather rapidly, while the acetaldehyde selectivity correspondingly increases. Subsequently, the acetaldehyde selectivity remains constant, but the conversion continues to decrease, albeit at a slower rate. Overall, the acetaldehyde selectivity exceeds 95 % for all except the 0.5Ni catalyst. Further, it can be seen that the ethanol conversion increases with increasing metal loading. To unambiguously determine the most performing catalyst, turn-over frequencies have been calculated, see Fig. 5 , identifying 1Ni-10Cu as the one with the sites exhibiting the highest activity. In contrast with the Cu-based catalysts typically reported in literature, in our work the catalyst containing only Cu was equally stable as the 1Ni-10Cu catalyst, but the turn-over frequency of the latter was almost double of that of the pure Cu catalyst. This demonstrates that promoting a Cu-based catalyst with Ni does improve the turn-over frequency for ethanol dehydrogenation. The higher stability of the pure Cu catalyst compared to other reported samples likely results from the synthesis method, which offers high control [70] .
Deactivation phenomena
As already mentioned, two deactivation regimes were observed on the NiCu catalysts, i.e., a fast deactivation within the first hours on stream followed by a slower deactivation. While many deactivation phenomena may be at the origin of this behavior, generic knowledge on Ni and Cu catalysts for dehydrogenation reactions, indicates coking and sintering as the prime reasons for deactivation [9] [10] [11] 35, 37] . To investigate this more in depth, O 2 -TPO and STEM have been performed.
The CO 2 production during O 2 -TPO is displayed in Table 4 for all catalysts and taken as representative for the amount of carbon produced during reaction. For the catalysts containing only Ni, the highest amount of carbon was burnt off. For the best performing catalysts, i.e., the 1Ni-10Cu and the 1Ni-20Cu catalysts, the amount of carbon was lowest. Furthermore, carbon formed on the catalysts containing Cu is easier to burn off than for the 0.5Ni and 1Ni catalyst, see also Fig. 6 . When comparing the carbon production in Table with the conversion curve in Fig. 4a , it can be seen that the behavior of the first hours on stream corresponds well with the amounts of carbon produced, the catalysts with the highest carbon production, i.e., 0.5Ni and 1Ni, exhibiting the fastest deactivation. 1Ni-10Cu had the lowest carbon production and, indeed, no fast deactivation regime was observed on this catalyst. The fast deactivation can thus be related to coking of the active sites. To be able to explain the coking phenomenon, the reactions that [21, 37, 71] . Additionally, monometallic Ni also has the potential to catalyze CeC rupture [41] . Mavrikakis et al. [72] reported that the reaction mechanism for ethanol conversion on Ni surfaces follows the sequence: ethanol → ethoxide → η 2 -acetaldehyde → acyl → carbon monoxide and methane. Carbon monoxide and methane can then further decompose into carbon [73] . η 2 -acetaldehyde is acetaldehyde which is adsorbed on a metallic surface via back-donation of the π-bond in the carbonyl group. For this transition state to occur, two adjacent bonds with the Ni surface are required [72] . Adsorption of acetaldehyde on Cu occurs via the η 1 -acetaldehyde transition state [74] . Thus, upon alloying Ni with Cu, the amount of adjacent Ni sites is lowered drastically, such that no acetaldehyde decomposition can take place, which reduces carbon formation. For the alloy with highest turn-over frequency, i.e., 1Ni-10Cu, the absence of rapid deactivation hence indicates that no adjacent Ni sites were present on that catalyst. For the pure 0.5Ni and 1Ni, the deactivation was almost instantaneous and attributed to acetaldehyde decomposition on adjacent sites. In the second regime of deactivation, i.e., after five hours on stream, the catalyst conversion still decreases, but to a lesser extent than before.
To determine which phenomena lie at the origin, STEM-EDX was performed on the best performing sample, i.e., the 1Ni-10Cu. After reduction, the active metals Cu and Ni are finely dispersed within the catalyst with particle sizes estimated at 3−8 nm ( Fig. 7) . After use, however, sintering of the active particles to clusters of up to 50 nm was noted. Thus, it can be concluded that sintering is at the origin of the slow decrease in conversion after five hours on stream for all catalysts. Ni is highly dispersed on both reduced and spent samples, see Fig. 7 , which most like originates from Ni still being present in the mixed oxide support.
Effect of water on catalyst performance
Since ethanol produced from bio-based resources will at least contain some traces of water if not an 'azeotropic amount' or even more, the effect of the presence of water in the feed on the catalyst performance has been assessed by feeding 30 wt%H 2 O/ethanol. First, a pure ethanol feed was used, which was subsequently switched to 30 wt% H 2 O/ethanol. The acetaldehyde selectivity remained unchanged when switching to the water containing feed and both conversion and selectivity were stable for all catalysts. To compare the ethanol conversion in the measurements with and without water, the ratio of the ethanol conversion upon feeding 30 wt%H 2 O/ethanol to the conversion with pure ethanol is represented in Table 5 . Depending on the Ni and Cu loading, water has a detrimental, advantageous or negligible effect. Overall, it can be seen that all catalysts containing both Cu and Ni exhibit a higher ethanol conversion upon feeding 30 wt%H 2 O/ethanol. Because sintering can't be reversed by water, it seems that water prevents carbon formation on the surface and can even aid in removing already formed carbon. Koryabkina et al. reported that for the watergas shift reaction, water can be adsorbed on a Cu surface with the formation of H 2 and O*, even at 473 K [75] . The latter O* can then help in the removal of carbon from the surface.
Conclusions
A series of Cu-based catalysts promoted by alloying with different amounts of Ni were tested for ethanol dehydrogenation. Upon alloying of Cu with Ni, a higher turn-over frequency is obtained as compared to pure Cu-based catalysts. It is attributed to the lower reduction temperature of NiO via H 2 spillover from Cu, rendering more Ni atoms available for incorporation in the Cu phase. The acetaldehyde selectivity exceeds 95% for all NiCu catalysts. This suggests that only a limited number of adjacent Ni sites are present, since this would make the catalyst more selective for acetaldehyde decomposition to methane and carbon monoxide. Upon reaction, two deactivation regimes were observed, i.e., a fast deactivation within the first hours on stream followed by a more moderate deactivation. The first regime was attributed to coking on adjacent Ni sites, the second to sintering of the active particles. When adding water to the ethanol feed, after measurement of the original activity with pure ethanol, the conversion on all NiCu catalysts increased. The investigated NiCu catalysts provide a promising alternative for the production of acetaldehyde from ethanol, especially because of their ability to cope with the presence of water in the ethanol feed.
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